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ABSTRACT OF THESIS 


HURRICANE INNER-CORE STRUCTURE AS REVEALED BY GPS DROPWINDSONDES 

New high-resolution information of the vertical thermodynamic and kinematic structure of the 
hurricane inner-core is now available from aircraft released Global Positioning System (GPS) 
dropwindsondes. This is a great technical advancement because now it is possible to sample the 
inner-core structure of tropical storms in detail. This study presents insights concerning the 
structure of mature hurricanes from dropwindsonde data obtained during the 1997 and 1998 hur¬ 
ricane seasons. Storm center fixes enable the inner-core calculation of radial and tangential 
winds. It will be shown that the radial inflow around the eye-wall cloud is approximately twice as 
large as that determined from frictional forcing. Air sea-surface temperature difference near the 
surface is in the 3-4°C range, not the 1°C differential previously assumed. Resulting 0 e values 
within the eyewall are found to be between 355-360K, which confirms with aircraft observations. 
The observed vertical gradient of 6 e in the eyewall region coupled with the inflow greater than 
expected from frictional forcing, implies an additional physical mechanism for such inflow. It is 
hypothesized that this additional mechanism is wall cloud buoyancy. Additionally, it is shown that 
the frictionally driven boundary layer is IKm deep. This is determined by the depth of the inflow 
layer of the radial wind. The vertical gradient of the radial wind within the boundary layer provides 
insight to the current strength of tropical storms. Further analysis of this dropwindsonde data will 
lead too improved understanding of the hurricane inner-core region. 

Robert N. LeeJoice 
Atmospheric Science Department 
Colorado State University 
Fort Collins, CO 80523 
Summer 2000 


iii 



ACKNOWLEDGEMENTS 


I would like to thank the Hurricane Research Division for access to their data, without which 
this study would’ve been impossible. Special appreciation goes to Robert Burpee and James 
Franklin whose work over the last 20 years on the Omega and GPS dropwindsondes has pio¬ 
neered a new understanding of hurricane structure and an improvement in track forecasts. I 
would also like to thank my advisor William M. Gray for his extremely open door policy and his 
enthusiasm to help provide insight, guidance, and support during my time working for him. I wish 
to thank my committee members Professors Thomas Vonderhaar and Bob Meroney for helping 
me complete this work. 

Special appreciation goes several people who helped me over the last couple of years in my 
quest to finish my degree. First, I must thank Freddi Boston who helped me find the multitude of 
papers within the atmospheric sciences library that I needed for this work. Second, Matt Eastin 
for providing the perspective of someone that has walked my path before and helping correct my 
course on numerous occasions. Third, Brian McNoldy for discussions and assistance with pro¬ 
gramming techniques that I used to analyze my data. 

I would also like to thank the members of the Gray project for their help and assistance in 
preparing this thesis, the members of the Colorado State Field Hockey team for all the great 
memories, and the fellowship provided from the other Air Force officers here in pursuit of ad¬ 
vanced degrees. 

I must also thank my parents for all the support over the years that enabled me to reach this 
point and to the United States Air Force that gave me this great opportunity to achieve my mas¬ 
ter’s degree. 

Lastly, I must thank Jennifer Stewart for all her support, encouragement, patience, and caring 
over the last year. May our paths continue together. 


IV 


TABLE OF CONTENTS 


1 INTRODUCTION 1 

1.1 Research Motivation.1 

1.2 Objectives.2 

2 OVERVIEW OF DROPWINDSONDES 4 

2.1 Dropwindsonde History.4 

2.2 The NCAR GPS Dropwindsonde.9 

2.2.1 NCAR GPS Dropwindsonde Performance Specifications.9 

2.3 Dropwindsonde Accuracy Improvements.12 

3 DATA 14 

3.1 GPS Dropwindsonde Data.14 

3.2 Best-Track Data.17 

3.3 Two-Minute Data.18 

4 RADIAL AND TANGENTIAL WIND ANALYSIS 25 

4.1 Radial and Tangential Wind Derivation.25 

4.2 Radial Wind Determination from Friction.26 

4.3 Comparison of Observed Radial Winds to Frictionally Induced Radial Winds.27 

4.4 Role of the Vertical Gradient of the Radial Wind in Determining Storm Intensity.30 

4.5 Conclusion.36 

5. HURRICANE THERMODYNAMICS 37 

5.1 Temperature and Potential Temperature Profiles.37 

5.2 Relative Humidity and Specific Humidity Profiles.39 

5.3 Equivalent Potential Temperature Profiles.40 

5.4 Eyewall Surface Thermodynamic Parameters.42 

5.5 Summary and Discussion.46 

6. CONCLUSIONS 47 

6.1 Summary and Discussion.47 

6.2 Future Work.47 

REFERENCES 49 

A DROPWINDSONDE DATA FILES 52 

A.1 Data Amount.52 

A.2 Data File Types.52 


v 



























AOC: 

AOML: 

AMS 

AVAPS: 

AXBTs: 

°C: 

CIRA: 

DDT: 

ERICA: 

GARP: 

GATE: 

GFDL: 

GPS: 

h: 

HRD: 

K: 

km: 

L2D2: 

mb: 

MSLP: 

NCAR: 

nm: 

NOAA: 

ODT: 

ODW: 

ONS: 

G 

q: 

RH: 

s: 

t: 

0 e : 

V r: 

Vt: 


LIST OF SYMBOLS AND ACRONYMS 


Aircraft Operations Center 

Atlantic Oceanographic and Meteorological Laboratory 
American Meteorology Society 
Airborne Vertical Atmospheric Profiling System 
Airborne Expendable Bathothermal graphs 
Degree Celsius 

Cooperative Institute for Research of the Atmosphere 
Digital Dvorak Technique 

Experiment on Rapid Intensification of Cyclones over the Atlantic 
Global Atmospheric Research Program 

Global Atmospheric Research Program Atlantic Tropical Experiment 
Geophysical Fluid Dynamics Laboratory 
Global Positioning System 
Hour 

Hurricane Research Division 

Kelvin 

Kilometer 

Lightweight Loran Digital Dropwindsonde 
Millibar 

Minimum Sea Level Pressure 
National Center for Atmospheric Research 
Nautical miles 

National Oceanographic and Atmospheric Administration 

Objective Dvorak Technique 

Omega Dropwindsonde 

Omega Navigation System 

Potential Temperature 

Specific Humidity 

Relative Humidity 

Second 

Temperature 

Equivalent potential temperature or theta-e 
Radial Wind Speed 
Tangential Wind Speed 


VI 




Chapter 1 
INTRODUCTION 

1.1 Research Motivation 

Tropical storm forecasters have only satellite-based techniques to monitor tropical storms in 
the majority of the world. Geostationary satellites with infrared (IR) and visible (VIS) sensors 
have been the mainstay of tropical storm forecasting since their launch in the mid 1960s. Indeed, 
Vernon Dvorak, in 1975, published a method for forecasting tropical storms from solely VIS im¬ 
agery. In 1984, he extended his method through the use of IR as well as VIS imagery. Even 
more reliance on satellite based forecasting of tropical storms occurred in 1987 when the United 
States Air Force (USAF) ceased operational reconnaissance flights into tropical storms from 
Guam. 

Today the United States is the only country that performs tropical storm reconnaissance 
flights for both operational and research objectives. The flights are primarily undertaken in the 
western Atlantic, Caribbean, and Gulf of Mexico regions by the Hurricane Research Division 
(HRD) and the Air Operations Center (AOC) of the National Oceanographic and Atmospheric 
Administration (NOAA). On these missions Global Position System (GPS) dropwindsondes are 
released into the core and the outer regions of the storms. 

The recently developed dropwindsonde technology provides unprecedented vertical resolu¬ 
tion and accuracy of kinematic and thermodynamic properties within the hurricane’s inner core. 
Figure 1.1 shows the strongest dropwindsonde measured wind speed from the 1997 and 1998 
seasons at 93.6 m/s from one dropwindsonde dropped into hurricane Mitch on Oct 27, 1998. 
This value exceeds the previous dropwindsonde measured peak wind of 91 ms' 1 found within 
hurricane Georges (Franklin, et al., 1999). 

It is important to take advantage of this data and apply it to improve our understanding of hur¬ 
ricane structure and dynamics. It is also vital to publish this new knowledge so that other areas of 



the world, that don’t have access to this data, can supplement their satellite forecasting tech¬ 
niques. 

1.2 Objectives 

GPS dropwindsondes released during tropical storm reconnaissance flights provide unprece¬ 
dented vertical resolution into the wind structure and thermodynamics of tropical storms. This 
high-resolution data will help explore two research objectives. First, inner core radial and tangen¬ 
tial winds will be analyzed to study inner-core dynamic characteristics of hurricanes. Second, a 
preliminary look at the thermodynamic parameters from surface and vertical profile perspectives 
will be presented to further our understanding of hurricane thermodynamics. 

Chapter 2 will present a short history of the use of dropwindsonde data as well as the accu¬ 
racy of the data. Chapter 3 contains a discussion of what datasets were used, how they were 
obtained, and what for they were used. Chapter 4 deals with radial and tangential wind profiles 
taken from 6 different hurricanes during the 1997 and 1998 seasons. Chapter 5 presents the 
thermodynamic parameters, while conclusions and perspective for future work are presented in 
chapter 6. 

Note: dropwindsonde, dropsonde, and sonde will be used interchangeably throughout this 
thesis. However, the term dropsonde will be emphasized, because these instruments measure 
both thermodynamics and wind speeds, not just the latter. 
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Chapter 2 

OVERVIEW OF DROPWINDSONDES 


2.1 Dropwindsonde History 

John Beukers, in the early 1960’s, first proposed that upper air measurements of wind speed 
and thermodynamic parameters could be taken by sondes dropped from aircraft (Scribner and 
Smalley 1981). Beukers Laboratories, owned by John Beukers, developed a dropsonde and 
tracking system that worked in 1967. The equipment was used in the Global Atmospheric Re¬ 
search Program’s (GARP) Atlantic Tropical Experiment (GATE) in 1972. The GATE experiment 
was the first experiment that obtained upper air data from aircraft altitude to near ocean surface 
(Simpson et al„ 1975). More importantly it was the first time that upper air data could be obtained 
over oceans without the use of ships launching rawindsondes. Aircraft with their range and mo¬ 
bility ushered in a new era of research over the tropics. 

The National Center for Atmospheric Research (NCAR) entered into the scene in the mid 
1970’s, when they entered into agreement with GARP to improve the sonde used in GATE. 
NCAR continued to improve the design and the instrumentation of the sonde over the next sev¬ 
eral years. NCAR’s effort cumulated when design specifications were finalized and a contract for 
production of 7,500 sondes was awarded in 1977. 

These sondes became known as Omega dropwindsondes (ODWs) because of their use of 
Omega navigational signals. The Omega Navigation System (ONS) was a system developed 
from work in the 1940’s to provide worldwide navigation to within 2 nautical mile accuracy. It was 
an international effort with 8 stations that provided global coverage (Richardson 1974). By using 
the Omega navigation signals, these dropwindsondes could be deployed in any research experi¬ 
ment in the world. In fact, GARP successively used over 5000 Omega dropwindsondes during 
the special observing periods of the GARP sponsored Global Weather Experiment (Julian, 1982). 




An important extension to the use of the Omega dropwindsondes occurred in 1982 when the 
Hurricane Research Division (HRD) deployed them around hurricane Debby. Using the results 
from the experiment, Burpee et al. (1984) suggested that hurricane forecast tracks could be im¬ 
proved by releasing dropwindsondes around tropical storms and incorporating their data into nu¬ 
merical models. Burpee argued that since satellites infer winds by cloud motions in the layer 
between 9 and 12 km and low-level observations measure the lowest 2 km, a critical layer of data 
was missing. This insight was a follow-on to Neumann’s (1981) argument that a major reason for 
the slower rate of improvement of track forecasts were due to a decline in observing platforms in 
the subtropics from the 1960’s and 1970’s. Burpee’s hypothesis was based on the observation 
that the best steering level of the tropical cyclone is at mid tropospheric levels (George and Gray 
1976). In his view, the deployment of ODWs would provide the needed data to improve track 
forecasts. 

One significant result of Burpee’s work was the determination of an ideal flight reconnais¬ 
sance pattern (Figure 2.1). In this ideal pattern, flight legs were separated by 3° latitude and 
ODWs were released at intervals 1.5° along the track. This pattern was based on the view that 
gradients of the wind field and thermodynamic variables perpendicular to the storm track helped 
determine storm motion. Therefore, tropical cyclone flight patterns were oriented with respect to 
the storm heading so that cross-track gradients could be measured. 

Burpee only had the Debby case to try to prove his point about improving track forecasts. Of 
course one case was not enough to draw any conclusions. However, what came out of that work 
was a commitment by the HRD to provide funding for several more missions during the 1980’s to 
deploy dropwindsondes into tropical storms with the intention of developing a large enough data¬ 
base to study if the use of dropwindsonde helped improve track forecasts. 

Flying around tropical storms and releasing dropsondes became known as synoptic surveil¬ 
lance flights (Franklin and DeMaria 1992). The AOC’s two P-3 turboprop aircraft performed these 
synoptic surveillance missions collecting data within 1000 km of storm center. By the mid-1990s 
enough Omega dropsonde data was available (Table 2.1) to test Burpee’s hypothesis that son¬ 
des released to measure the environment around tropical storms could improve track model 
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Figure 2.1: Idealized flight pattern for dropwindsonde experiment. One aircraft start in Ber¬ 
muda and flies to Miami at the end of the mission. The second aircraft takes off from San 
Juan and completes its mission in Bermuda. The location of a hypothetical hurricane that is 
moving toward the northwest is at 28.° N, 70° W. The locations of ODWs are represented by 
the open circles. From Burpee, et al. 1984. 
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forecasts. Indeed, several people worked on this to include Burpee et al. (1996), Franklin and 
DeMaria (1992), Tuleya and Lord (1997), and Fleming (1999). 


Table 2.1: Synoptic flow experiments conducted in Atlantic tropical cyclones. 
The time is the standard observation time for the experiment, and the storm 
strength (SS) is indicated by an FI for hurricane or TS for tropical storm. Also 
shown are the number of aircraft participating in an experiment and the 


number of successful ODWs. 

From Burpee et al. 1996. 



Storm Name 

SS 

Date/time at 0000 
(UTC) unless noted 

Number of 

aircraft/number 
of ODWs 

1 

Debby 

H 

15-Sep-82 

1/29 

2 

Debby 

H 

16-Sep-82 

2/49 

3 

Josephine 

TS 

10-Oct-84 

1/24 

4 

Josephine 

H 

12-Oct-84 

1/23 

5 

Josephine 

H 

12-Oct-84 

1/23 

6 

Gloria 

H 

25-Sep-85 

2/53 

7 

Emily 

TS 

24-Sep-87 

1/30 

8 

Emily 

TS 

25-Sep-87 

2/53 

9 

Floyd 

TS 

11-Oct-87 

2/53 

10 

Floyd 

TS 

12-Oct-87 

1/29 

11 

Florence 

TS 

9-Sep-88 

2/51 

12 

Flugo 

H 

20-Sep-89 

1/24 

13 

Flugo 

H 

21-Sep-89 

1/29 

14 

Jerry 

TS 

14-Oct-89/1200 

1/20 

15 

Bob 

H 

18-Aug-91 

1/14 

16 

Andrew 

H 

23-Aug-92 

2/49 

17 

Emily 

H 

30-Aug-93 

1/22 

18 

Emily 

H 

31-Aug-93 

1/19 


Track forecast results depend on the model to which the dropwindsonde data are applied. 
For example, Franklin and DeMaria (1992) found that track forecast errors were reduced from 12- 
16% when dropwindsonde data was added to the VICBAR model (Aberson and DeMaria, 1994). 
Tuleya and Lord (1997) found that mean track errors were reduced by 12 km at 12 h, by ap¬ 
proximately 50 km for 24-60 h, and by 127 km at 72 h when applied to the Geophysical Fluid Dy¬ 
namics Laboratory (GFDL) high resolution regional forecast model. Bupree et al. (1996), returning 
to his hypothesis over a decade later, also found that dropwindsonde observations improved 
track forecasts by 16-30% when a consensus forecast from three numerical models was used. 


7 







While HRD was using the Omega dropsondes for hurricane research during the 1980s, 
NCAR started developing a new light-weight digital dropsonde to support the Office of Naval Re¬ 
search’s Experiment on Rapid Intensification of Cyclones over the Atlantic (ERICA) in 1987 (Hock 
1999). The dropsonde was known as the Lightweight Loran Digital Dropwindsonde or L2D2. The 
dropsonde was developed because the Omega dropsondes were not accurate enough for the 
research-quality winds needed for ERICA (Lally et al. 1989). Actually, in 1985 NCAR proposed 
that a GPS dropsonde be used for ERICA, but the Challenger disaster set the GPS satellite 
launch cycle back and Loran based navigation was the fallback plan. In essence, the L2D2 pro¬ 
vided an improved dropsonde over Omega and an interim solution until the GPS dropsonde was 
developed. 

As a result of some of the hurricane track improvement studies, work began in the early 
1990’s to procure an aircraft that could provide high altitude, high speed, long range, and the 
payload capability required for an operational and research airborne platform for the 21 st century 
(White et al. 1998; Franklin et al., 1999). The aircraft acquired was a Gulfstream IV-SP (G-IV) jet. 
The new jet aircraft joins the AOC’s two P-3 turboprop aircraft for hurricane research. The G-IV 
can operate up to 150 mb and has a range of 4000 nm. (The P-3s are more limited; having a 
ceiling of 350 mb and have a range of 2950 km.) The G-IV will perform the synoptic surveillance 
missions due to its ceiling and range attributes, while the P-3s will continue to fly into the inner 
core of tropical storms and hurricanes. 

A multiple of factors came together requiring that a new dropsonde be developed. First, 
ODWs weren’t designed to be deployed at jet aircraft speeds. Second the existing navigation 
networks were ceasing operation do to full operational status of the GPS network. In fact, by the 
early 1990s the demise of the Omega Navigation System was evident. There was no need for 2 
nm accuracy when 30-meter accuracy could be obtained with GPS navigation. The Omega 
Navigation System was terminated on September 30, 1997 (United States Coast Guard, 1996) 
and the Loran navigation soon after. NCAR was once again at the drawing board developing the 
21 st century dropsonde. 
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2.2 The NCAR GPS Dropwindsonde 

NCAR built upon its experience with the L2D2 to create the GPS dropwindsonde. For exam¬ 
ple, the parachute used by the L2D2 is the same used by the GPS dropsonde and many of the 
component parts are just improvements over those used in the L2D2. Figure 2.2 shows both as¬ 
sembled and internal views of the GPS dropwindsonde. The sonde’s dimensions consist of a 7 
cm diameter and a 41 cm length. Besides being small, the GPS dropsonde is quite light weighing 
only 400 grams. The sonde has 3 main components that will be described presently. The pres¬ 
sure, temperature, and humidity (PTH) senor provides highly accurate measurement of these 
parameters through a wide range of atmospheric conditions (Table 2.2). The GPS receiver rec¬ 
ords the relative Doppler frequencies from the GPS satellite signals, which represent the com¬ 
bined motion of the satellite and dropsonde. The GPS receiver works in conjunction with the 400 
MHz transmitter to transmit the PTH data as well as the GPS telemetry data to the aircraft. The 
digital microprocessor unit controls the overall function of the dropwindsonde. . 


Table 2.2: Estimated typical measurement 
dropwindsonde. From Hock and Franklin (1999). 

errors for the NCAR GPS 

Parameter 

Typical Error 

Pressure 


Temperature 

0.2 C 

|4 Humidity 1 

<5% 

Wind 

0.5 - 2.0 m/s 


2.2.1 NCAR GPS Dropwindsonde Performance Specifications 

Multiple organizations provided design specifications for the NCAR GPS dropwindsonde. 
The principle agents involved were NCAR, NOAA, and the German Aerospace Research Estab¬ 
lishment. Some of the combined requirements follow: 

• Operations up to altitudes of 24 km 

• Global operation 
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Figure 2.2: GPS dropwindsonde and interval view. From Hock and Franklin (1999). 
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• Deployment at airspeeds up to 175 m/s 

• Telemetry out to a range of 325 km 

• Descent time approximately 12 minutes from 12 km 

• Sensor measurement rate of 2 Hz 

NCAR implemented these requirements by developing the Airborne Vertical Atmospheric 
Profiling System (AVAPS). It is system that consists of the hardware and software residing on 
the aircraft, whether it is the G-IV or the P-3s, that is responsible for receiving the data from the 
dropsonde, determining the sonde motion from the retransmitted GPS doppler frequencies, and 
then storing the motion and PTH data in a database. It should be noted that four GPS satellites 
are required for accurate three-dimensional positioning, and consequently, for wind computation. 
(Kaisti 1995; Saarnimo 1998). However, vertical wind speeds can be determined with less than 4 
GPS satellite fixes. 


Table 2.3: Typical fall times for the NCAR GPS dropsonde. From Hock and 
Franklin (1999). 

Pressure (mb) 

Fall time (min) 

850 

2.0 

A A 

700 

500 

4.U 

7.6 

400 

". „ ’ : ; 46 ■ • li;:: /: •; 

300 

10.5 

250 

11.5 

200 
^ C* A ■' 

12.5 

:=• •: •••* ^ ! 

100 

..* W-O •• 

14.5 


The other design specifications were met by either the design of the instrument by NCAR or 
the performance capabilities of the sensor packages. NCAR’s design of the GPS dropsonde re¬ 
sulted in a descent time of about 12 minutes from 12 km (Table 2.3). This fast fall allows the 
dropsondes to be within the 325 km tracking range. It also helps when rapid launches of drop- 
sondes are needed, because AVAPS can only track 4 dropsondes at any particular time. The 
sensors were manufactured to NCAR specifications by Vaisala, a Finnish company. Table 2.4 
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shows that the measurement of pressure, temperature, wind, and humidity are very precise, per¬ 
form well over a wide range of atmospheric conditions, and have small measurement error. 


Table 2.4: Dropwindsonde Sensor Specifications. 
Accuracy refers to standard deviation of two successive 
calibrations. From Hock and Franklin (1999). 

Range 

Accuracy 

Resolution 

1060-20 mb 

0.5 mb 

lllWIlWIBlIIIBiffl 

-90 to + 40°C 

0.2 C 

0.1 °c 

0% -100% 

2% 

0.1% 

0 -150 m s' 1 

0.5 m s' 1 

0.1 ms 1 


2.3 Dropwindsonde Accuracy Improvements 

The new dropwindsonde is more technically advanced than previous generations of Omega 
and Loran navigation based dropwindsondes. One significant difference between the GPS drop¬ 
windsonde and previous dropwindsondes is its high fall rate. Omega dropwindsondes descended 
at a rate of about 25mb/min or about 300m/minute. GPS dropwindsondes fall at a rate of about 
600m/minute. The high fall rate, coupled with AVAPS capability to monitor up to 4 dropwind- 
sones simultaneously, as opposed to only 3 Omega dropwindsondes using OWDS, provides ex¬ 
cellent spatial (horizontal) resolution (Hock 1998). Perhaps the biggest improvement is that wind 
measurements are taken twice every second as opposed to every 60 seconds for Loran or even 
240 seconds for Omega sondes (Hock 1998). Table 2.5 shows the accuracies of the three navi¬ 
gation systems. It is should be obvious that GPS wind-finding provides unpredented accuracy 
and resolution. The vertical wind resolution is roughly 100 times better than all previous drop- 
sondes and has an improved accuracy by a factor of four (Hock 1998). 


Table 2.5: Accuracies of Navigation Systems (Lally, et al. 1989). 

Navigation 

System 

Absolute 
Accuracy (m) 

Differential 
Accuracy (m) 

Wind 

Accuracy 

Measurement 
Time (Ave) 

Loran 

■'■GPS^ : - 

2000 

200 

ilii 20 

.. 200 llllll 

20 

<1 11. 

1-2 m/s 

1 m/s 

‘ffi 1 "! 2*3 min Cl 

30s 

' . 
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2.4 Summary 

The GPS dropwindsonde provides the most accurate and highest resolution sensor package 
ever made. Its use provides unprecedented accurate observations to examine the inner core 
thermodynamic and kinematic structure of tropical storms and hurricanes. It should be noted that 
the results that follow depend on the accuracies referenced in this chapter. 
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Chapter 3 
DATA 


3.1 Data Sets 

This project used several datasets that are outlined below. The datasets fell into two areas of 
interest. First is the meteorological data observed by the dropwindsondes as they were launched 
from flight level. This data set will be referred to as the GPS dropwindsonde data set. The sec¬ 
ond area of interest deals with storm center positioning. The best-track and two-minute data¬ 
bases were used to determine the most accurate storm center fix in relation to each dropwind¬ 
sonde launch. Note the following analysis differs from other hurricane research work in that the 
vertical as opposed to the horizontal view is stressed. This is due to the fact that no flight-level 
data has been processed for these storms at this time. 

3.1.1 GPS Dropwindsonde Data Set 

The primary data source for this project was the individual dropwindsonde data files main¬ 
tained by HRD. This study concentrated on the dropwindsondes launched in and around 6 
storms that reached hurricane status during 1997 and 1998. A total of 36 missions were flown 
into these 6 hurricanes. Table 3.1 lists the storm, mission, aircraft, flight-level where the drop¬ 
windsondes were dropped, and the total amount of sondes released on each mission. The N 
designation denotes G-IV flights where flight level lies around 150 to 200 mb. These missions 
are the synoptic surveillance flights that primarily cover the periphery of the tropical storms. The 
H and I flights are performed by the P-3s from the 600 mb level on average. These flights pene¬ 
trate the inner-core and the storm center. 

For these 6 storms that reached hurricane status, a total of 972 dropwindsondes were 
launched. With the help of the two-minute data, 673 dropwindsondes were navigated from storm 



Table 3.1 Storm Mission Data for the 6 Hurricanes from the 1997 and 
1998 seasons. 

Storm 

Date 

Aircraft 

Drop 

Pressure 

(mb) 

Sondes Storm 

Dropped Total 

Guillermo 

8/1/1997 

1(43) 

500 

5 

Guillermo 

8/2/1997 

1(43) 

500 

39 

Guillermo 

8/3/1997 

H (42) 

700 

10 

Guillermo 

8/3/1997 

1(43) 

500 

.38. 

Erika 

9/4/1997 

N (49) 

"""’"'150 

30 

Erika 

9/5/1997 

1(43) 

450 

20 

Erika 

9/6/1997 

N (49) 

150 

29 

Erika 

9/7/1997 

1(43) 

550 

39 

Erika 

9/8/1997 

1(43) 

750 

31 

7 •J4Q 

Bonnie 

8/20/1998 

H (42) 

500 

20 "" 

Bonnie 

8/20/1998 

1(43) 

500 

16 

Bonnie 

8/20/1998 

N (49) 

150 

31 

Bonnie 

8/21/1998 

H (42) 

500 

24 

Bonnie 

8/21/1998 

N (49) 

150 

27 

Bonnie 

8/23/1998 

H (42) 

500 

32 

Bonnie 

8/23/1998 

1(43) 

600 

17 

Bonnie 

8/23/1998 

N (49) 

150 

28 

Bonnie 

8/24/1998 

H (42) 

600 

28 

Bonnie 

08/24/98 

N (49) 

150 

30 

Bonnie 

08/26/98 

H (42) 

600 

47 

Bonnie 

08/26/98 

1(43) 

800 

41 

Bonnie 

08/28/98 

N (49) 

200 

30 

Danielle 

08/29/98 

H (42) 

650 

.22. 

Danielle 

08/29/98 

1(43) 

500 

38 

Danielle 

08/29/98 

N (49) 

200 

29 

Danielle 

08/30/98 

H (42) 

550 

21 

Danielle 

08/30/98 

K43) 

750 

29 

Danielle 

08/30/98 

N (49) 

200 

34 

Danielle 

09/01/98 

N (49) 

200 

27 

ODD 

Georges 

09/16/98 

N (49) 

200 

28. 

Georges 

09/18/98 

H (42) 

450 

4 

Georges 

09/18/98 

N (49) 

200 

14 

Georges 

09/19/98 

H (42) 

600 

32 

Georges 

09/19/98 

1(43) 

600 

24 

Georges 

09/19/98 

N (49) 

200 

27 

' iOQ 

Mitch 

10/27/1998 

1(43) 

700 

. ' : 

31. 

ummi isiB 




'Tsr'^ 


Total Sondes Dropped: 972 972 
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center. With the navigation completed, the radial and tangential winds were then computed . 
Table 3.2 further breaks down this set into various regions of the storm. 


Table 3.2: Hurricane dropwindsonde drops by location from 1997 and 1998 seasons. 
Outer-Core represents sondes outside the eye and eyewall. Intersection represents 
sondes released into the eye but enter the eyewall region during their descent. 

Location 

Eyewall Drops 

Eye 

Eyewall 

Outer Core (within 120Km of storm center) 

Intersection 

36 

92 

543 (162) 

2 

Total: 673 


Table 3.3 highlights the number of eyewall drops by storm while table 3.4 lists the number of 
eye drops by storm. 


Table 3.3: Hurricane eyewall dropwindsonde drops by storm 
from 1997 and 1998 seasons. 

Storm 

Eyewall Drops 

Bonnie 

27 

Danielle 

17 

Erika 

14 

Georges 

12 

Guillermo 

6 

Mitch 

16 

Total: 92 


Table 3.4: Hurricane eye dropwindsonde drops by storm from 
1997 and 1998 seasons. 

Storm 

Eye Drops 

Bonnie 

11 

Danielle 

7 

Erika 

2 

Georges 

2 

Guillermo 

8 

Mitch 

5 


Total: 36 
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Taken in context of the 972 total drops into these storms, eyewall drops accounted for 10%, 
eye drops accounted for only 4%, and inner-core drops (within 120KM of storm center) accounted 
for 17% of the total. 

Appendix A contains a sample dropwindsonde data file and a description on how to interpret 
it. It should be noted that the important parameters deal with three meteorological areas of inter¬ 
est; thermodynamics, kinematics (wind speed and direction), and location in the horizontal and 
the vertical. Note that some meteorological quantities need to be derived from other given quan¬ 
tities from the data file. For example, the data file gives relative humidity as the only measure of 
the moisture content. In order to determine dew point, an algorithm was used to derive it from 
temperature and relative humidity. Other derived quantities included potential temperature and 
equivalent potential temperature. 

Since the GPS dropwindsonde data files did not provide all the information required, a data¬ 
base was created and a program was written to process all the data files, calculate the missing 
derived quantities, and then store the results in the database. Storing all the data in a database 
offers many advantages. First, instead of handling hundreds or perhaps in the future, thousands 
of files, only one database needs to be referred to for the information. In addition, database 
management systems provide sophisticated tools and a language that can be exploited quickly 
and efficiently. As such, the overall goal was to get the data, process it, input it into the database, 
and then perform the research. 

3.2. Best-Track Data 

HRD also maintains a hurricane track and intensity summary for each storm that is known as the 
“best-track” database. It is termed “best” because it uses a combination of all reliable existing 
track and intensity observations during post-season analysis to determine the most accurate track 
and intensities for each storm (Eastin 1999). The best-track data contains the storm center loca¬ 
tion in terms of latitude and longitude , storm motion given in direction and speed, maximum 
sustained wind speed, and minimum sea-level pressure (MSLP). Generally, the storm fixes are 
given in only in 3 to 6 hour intervals, making this set of data not of the best quality in terms of time 
resolution for determining accurate inner core winds in cylindrical coordinates. However, this 
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data does provide the continuity day over day for storm tracking and best estimate of the hurri¬ 
cane track and intensity. Figure 3.1 shows the track of hurricane Guillermo from the 1997 season 
in the eastern Pacific while figure 3.2 shows the tracks of Atlantic hurricanes consisting of Erika 
from the 1997 season and hurricanes Bonnie, Danielle, Erika, Georges, and Mitch from the 1998 
season. The locations marked by an X represent an estimate of where the aircraft mission pene¬ 
trated these storms. Figures 3.3-3.8 shows graphs by individual storm in terms of two intensity 
parameters; minimum sea level pressure (MSLP) and maximum sustained wind speed. Addition¬ 
ally, the duration of all investigation flights are also over-plotted. 

3.3 Two-minute Data 

The two-minute storm center database is more accurate than the best-track database. This 
data set contains two-minute storm center fixes derived from the flight of the aircraft during its 
mission. The two-minute data is computed at HRD using a cubic spline method to interpolate 
between storm center fixes (Willoughby and Chelmow 1982). This data set only gives storm 
center in terms of latitude and longitude, but this data is critical in determining accurate radial 
wind and tangential wind profiles. Figure 3.9 shows the result of using GPS dropwindsondes with 
the two-minute data where the individual dropwindsondes can be navigated to storm relative 
center position. 
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Figure 3.1: Track of Eastern Pacific Hurricane Guillermo (1997). Xs denote inner-core aircraft mission flights. 
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Xs denote inner-core aircraft mission flights. 



























































































August 1998 (UTC) 


Figure 3.3: Hurricane Bonnie best track maximum sustained wind speed (m/s 
(solid)) and MSLP (mb (dashed)). Gray bars denote aircraft mission over flight 
times. 



Figure 3.4: Hurricane Danielle best track maximum sustained wind speed (m/s 
(solid)) and MSLP (mb (dashed)). Gray bars denote aircraft mission over flight 
times. 








4 5 6 7 8 9 10 11 12 13 14 

September 1997 IUTCJ 

Figure 3.5: Hurricane Erika best track maximum sustained wind speed (m/s 
(solid)) and MSLP (mb (dashed)). Gray bars denote aircraft mission over flight 
times. 
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September 1998 (UTCJ 


Figure 3.6: Hurricane Georges best track maximum sustained wind speed (m/s 
(solid)) and MSLP (mb (dashed)). Gray bars denote aircraft mission over flight 






July-Augusl 1997 (UTC) 


Figure 3.7: Hurricane Guillermo best track maximum sustained wind speed (m/s 
(solid)) and MSLP (mb (dashed)). Gray bars denote aircraft mission overflight 
times. 



Figure 3.8: Hurricane Mitch best track maximum sustained wind speed (m/s 
(solid)) and MSLP (mb (dashed)). Gray bars denote aircraft mission over flight 


















Chapter 4 

RADIAL AND TANGENTIAL WIND ANALYSIS 


4.1 Radial and Tangential Wind Derivation 

The dropwindsonde data set includes the components of u and v and total wind speed (Ap¬ 
pendix A). In order to determine radial and tangential winds another data set was needed. This 
second data set consisted of the two-minute storm center fixes determined from the careful navi¬ 
gation of the flights. This data set gives the storm center latitude and longitude every two minutes 
for most of the duration of the flight. From this data set alone, most of the drop trajectories could 
be related to the storm center. For times when drops were made but no corresponding storm 
center fix was available from the two-minute data, the last storm center fix and the nearest best 
track data entry was used to interpolate the position corresponding to the drop time. For the inner 
core drops this navigation problem was not an issue because the two-minute data covered these 
drops. For drops outside the core, this procedure was necessary in order to derive the radial and 
tangential winds. 

With the above procedural steps were taken, the range, radial wind, and tangential wind were 
computed in the following fashion: First, storm center latitude and longitude were interpolated 
from the two-minute data matching the time of the dropwindsonde launch. Second, the sondes 
coordinates were used in conjunction with the storm center coordinates to determine range, azi¬ 
muth, radial wind, and tangential wind. This process was repeated for each record in each drop- 
sonde data file. 

Following the above computations, a storm relative coordinate system was used to display 
the actual drops within the core of the storms. Figure 3.9 showed one of the storm relative drop¬ 
windsonde drop location plots. The purpose of the storm relative coordinate system is to elimi¬ 
nate the time factor. If the mission covered most of the inner core, we are able to view a plot of 


all data as a snapshot of the storm where all the drops can be taken as being at positions in rela¬ 
tion to storm center. 

4.2 Radial Wind Determination From Friction 

Derivation of the radial wind that would be attributed to friction was carried out in the following 
manner. First a cylindrical coordinate system was used along with the assumption that the 
storms were symmetrical in relation to this system. We may view the change of the tangential 
wind as a function of two terms: 

dVt/dt = Generation + Dissipation (4.1) 

Equation 4.1 may be rewritten for these two terms to arrive at equation 4.2. 

dVt/dt = -Vrfy + F (4.2) 

Additionally, assuming that the Coriolis parameter is much smaller than the relative vorticity in 
the inner-region we can state that Where C,r is given in equation 4.3. 

C,r = Vt / r + dVt /dr (4.3) 

If we assume that we are at the radius of maximum winds then the shear of the vorticity drops 
out and relative vorticity becomes and we arrive at a form of the tangential wind equation (4.5). 


II 

s 

>8 

(4.4) 

dVt/dt = -VrVt / r + F 

(4.5) 


The frictional dissipation can be viewed as the shear of the surface stress over the depth of 
the boundary layer (Equation 4.6). We can approximate equation 4.6 using the bulk formula 
shown in equation 4.7. 

F = dXz/ p dz (4.6) 

F ~ CdVt 2 / AZ (4.7) 

If we now assume steady state then the change in the tangential wind with time is zero. Sub¬ 
stituting equation 4.7 into 4.5 we arrive at equation 4.8. 

0 = VrVt / r + CdVt 2 / AZ (4.8) 
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Upon rearrangement we arrive at the radial wind determined from frictional forcing in equation 
4.9 where the radius and tangential wind is averaged over the depth of the boundary layer. 

Vr = rCdVt! kZ (4.9) 

Additionally, equation 4.9 can be rearranged to solve for the drag coefficient (C d ). 

Cd - VrAZ / rVt (4.10) 

With equation 4.9 in hand, determination of the frictionally induced radial wind was carried out 
for each dropsonde with the assumption that the drag coefficient (C d ) was 2 X 10" 3 and that the 
boundary layer AZ was either 500 or 1000 meters. The drag coefficient was chosen after 
Rosenthal’s (1975) equation for the drag coefficient based on equation 4.11. 

0 = 1. lxl 0" 3 + 4x1 0~ 5 V (4.11) 

The average radius and tangential wind were taken from dropsonde data that fell into the re¬ 
gion of the surface and the 500 or 1000-meter level. 

4.3 Comparison of Observed Radial Winds to Frictionally Induced Radial Winds 

The dropsonde data in the eyewall region consisted of 94 sondes. Overall, 83% of the inner 
core dropwindsondes had inflow winds within the boundary layer. Table 4.1 breaks down the 
ratio of the observed radial wind inflow to that of frictionally induced radial inflow into 4 different 
quadrants when the boundary layer was taken to be 500 meters. 


Table 4.1: Ratio of Actual Average Radial Wind to that 
computed from friction for a 500 meter boundary layer 
(Eyewall drops). _ 

Average Radius 

Vt | <50.0 Km >50.0Km 

>40.0 m/s I 2.2 0.8 

<40.0 m/s | 1.7 0.7 


The strongest tangential winds with average radiuses of less that 50 km reported the largest 
deviation from friction. At larger radius and for both strong and weak winds the observed radial 
winds match closely that specified by friction alone with the assumed drag coefficient. For winds 
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less than 40 m/s and radius less than 50 km, the ratio was not as large, but significant in that the 
observed radial winds were greater than those due to friction. The result is that the smaller the 
eyewall the greater the radial inflow over what surface friction would dictate. 

Table 4.2 presents the same data as seen in table 4.1, but with the assumption that the depth 
of the boundary layer was 1000 meters. As will be shown in the next section, from the vertical 
profiles of the radial wind, 1000 meters represents the average depth of the inflow layer. Using 
this finding the boundary layer was taken to be 1000 meters. Of course a study of the depth of a 
well-mixed thermodynamic parameter, such as specific humidity, could have been researched to 
determine the depth of the boundary layer. Powell et al. (1999) looked at the depth of the bound¬ 
ary layer as measured from the dropsondes within hurricane Guillermo and found that specific 
humidity and potential temperature (0) were well mixed up to the 500 meter level. However, only 
one cyclone was analyzed; more work needs to be done to say that 500 meters is the depth of 
the boundary layer. In any case, this depth could be extended up to 1000 meters without much 
error. With this in mind, the results are nearly identical for both boundary layers. Again, the 
smaller the eye and the greater the storm intensity, the greater the radial inflow over that dictated 
from friction. 


Table 4.2: Ratio of Actual Average Radial Wind to that 
computed from friction for a 1000 meter boundary layer 
(Eyewall drops). _ 

Average Radius 

Vt | <50.0 Km >50.0Km 

>40.0 m/s I 2.4 0.8 

<40.0 m/s | 2.2 1.1 


For all storms the overall ratio was 2.1 to 1 of actual radial wind inflow over that computed 
from friction when the boundary layer was taken to be that of 500 meters. When the boundary 
was chosen to be 1000 meters, the results were nearly identical where the overall ratio was 2.2 to 
1 of actual radial wind inflow over that computed from friction. 

The outer-core was also analyzed to determine if the observed radial wind significantly dif¬ 
fered from that of friction. The dropsondes used in this region resided outside the eyewall region, 
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but within 120km of storm center. In the outer region the ratio was 0.9 to 1 of actual radial wind 
inflow over that computed from friction when the boundary layer was 500 meters. With the 
boundary layer of 1000 meters the ratio was 1.1 to 1. Therefore, in this region the radial wind is 
balanced by friction. 


Table 4.3: Ratio of Actual Average Radial (Vr) Wind to that computed due to friction by storm 


and mission. 


Storm 

Intensity 

Mission 

Drops 

Eyewall 

Ratio 

Outer 

Ratio 

Eyewall/Outer 

Ratio 

Guillermo 

5 

19970803H 

6 

1.9 

0.9 

2.2 

Erika 

1 

199709071 

8 

0.7 

1.7 

0.4 

Erika 

3 

199709081 

6 

2.4 

0.5 

4.9 

Bonnie 

3 

19980826H 

7 

0.8 

1.1 

0.8 

Bonnie 

3 

199808261 

17 

0.9 

1.4 

0.6 

Danielle 

2 

199808301 

17 

1.5 

0.6 

2.4 

Georges 

3-4 

19980919H 

6 

3.8 

0.7 

5.1 

Georges 

3-4 

199809191 

6 

3.1 

0.7 

4.4 

Mitch 

5 

199810271 

16 

4.2 

1.8 

2.3 




Average: 

2.1 

1.0 

2.6 


In addition to eyewall and outer-core analyses, the radial wind was also looked at on an indi¬ 
vidual storm basis. Table 4.3 shows that the magnitude of the ratio of observed radial winds to 
friction induced varies by storm and intensity. Generally, the stronger the intensity of the storm as 
measured by the Safford-Simpson (1974) scale, the larger the ratio. Note that for the outer re¬ 
gion of the storms the ratio is not as variable as in the eyewall region and again the ratio ap¬ 
proximates 1 to 1 over all storms. The ratios for Erika on the 7 th of September and for hurricane 
Bonnie in the eyewall are significantly less than the other storms for the same intensity. It is hy¬ 
pothesized that hurricane Bonnie was undergoing vertical shear at this time as evidenced by fig¬ 
ure 3.3, and this disrupted the storm from intensifying. This resulted in the lower ratio. Hurricane 
Erika on the 7 th was just beginning a period of intensification as seen from figure 3.5. Only 3 of 
the 8-eyewall sondes dropped at this time report inward radial wind profiles over the 1000-meter 
inflow layer. It is hypothesized that the storm was still getting organized when the dropwindson- 
des were launched as seen from figures 4.1 and 4.2, and that this lead to the reduced ratio value. 
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Figures 4.1 and 4.2: Hurricane Erika on 7 September 1997 at 1725Z (left) and 1915Z 
(right). Note the rapid development over this short time interval. Reflectivities given in dBZ 


4.4 Role of the Vertical Gradient of the Radial Wind in Determining Storm Intensity 

Figure 4.3 shows the vertical profile of the radial wind based on a 10 meter average over all 
eyewall sondes and all outer core sondes. Notice from the plot the eyewall radial wind is about a 
factor of 2.5 greater from that given from the outer regions. For comparison the tangential wind 
profiles for the eyewall and the outer-core sondes are plotted in figure 4.4. From this plot the tan¬ 
gential wind in the eyewall exceeds up to 5 times that of the outer-core. Returning to the radial 
wind profiles, note that both the eyewall and the outer core plots of the radial wind suggest the 
depth of the inflow layer is around 1000 meters. This accounts for the recalculation of the aver¬ 
age radial wind observed from friction using 1000 meters as the depth of the boundary layer. 
Additionally, figures 4.5-4.10 show the vertical profile of the radial wind for all 6 hurricanes from 
the 1997 and 1998 seasons based on 10-meter averaging. The results generally are the same: 
Radial wind inflows in the eyewall are approximately twice that over the outer regions. 

By using figures 4.5-4.10 the vertical gradient of the radial wind was calculated for all 6 hurri¬ 
canes to see if this parameter has any connection to the intensity of the storm as based on the 
Saffir and Simpson (1974) tropical storm intensity scale. Table 4.4 shows that the greater the 
gradient of the radial wind the stronger the storm as seen from hurricanes Mitch and Guillermo. 
The category 3 to 4 storms had weaker gradients, while the weakest gradient was seen for the 
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weakest hurricane-Danielle. Although 6 hurricanes is a very small population these results sug¬ 
gest that the degree of vertical gradient of radial wind is related to the overall storm intensity. 


Table 4.4: Vertical gradient of the radial wind corresponding to 
storm intensity based on the Saffir-Simpson tropical storm in- 
tensity scale._ 


Storm 

Intensity 

Category 

dVr /dz 

(m/Km per s) 

Guillermo 

5 

27 

Erika 

1-3 

15 

Bonnie 

3 

14 

Danielle 

2 

7 

Georges 

3-4 

16 

Mitch 

5 

23 
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Figure 4.3: Radial Wind inflow plotted versus height for all 6 hurricanes (92 eyewall 
and 162 outer-core drops). Solid line consists of eyewall drops, while dashed line con¬ 
sists of the outer core drops. 



Figure 4.4: Tangential Wind inflow plotted versus height for all 6 hurricanes (92 eyewall 
and 162 outer-core drops). Solid line consists of eyewall drops, while dashed line con¬ 
sists of the outer core drops. 
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Figure 4.5: Radial Wind inflow plotted versus height for Hurricane Bonnie. Solid line 
consists of eyewall (27) drops, while dashed line consists of the outer core (64) drops. 



Figure 4.6: Radial Wind inflow plotted versus height for Hurricane Danielle. Solid line 
consists of eyewall (17) drops, while dashed line consists of the outer core (37) drops. 
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Figure 4.7: Radial Wind inflow plotted versus height for Hurricane Erika. Solid line 
consists of eyewall (14) drops, while dashed line consists of the outer core (17) drops. 



Figure 4.8: Radial Wind inflow plotted versus height for Hurricane Georges. Solid line 
consists of eyewall (12) drops, while dashed line consists of the outer core (13) drops. 
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Figure 4.9: Radial Wind inflow plotted versus height for Hurricane Guillermo. Solid line 
consists of eyewall (6) drops, while dashed line consists of the outer core (25) drops. 



Figure 4.10: Radial Wind inflow plotted versus height for Hurricane Mitch. Solid line 
consists of eyewall (16) drops, while dashed line consists of the outer core (6) drops. 
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4.5 Summary 

It was shown that the degree of radial inflow within the eyewall region is approximately 2 to 1 
over that from friction. It was also shown that in the outer core the observed radial wind closely 
approximates that of friction. Figure 4.11 shows a schematic of these results. These results sug¬ 
gest that within the eyewall region there is another forcing mechanism responsible for this extra 
amount of radial inflow. It is hypothesized that this extra forcing is due to buoyancy processes. 
Future work would do well to address this issue. 







Chapter 5 

HURRICANE THERMODYNAMICS 


An initial look at various thermodynamic parameters was undertaken to get an overall idea of 
the thermodynamic structure within hurricanes. Dropsonde data was compiled into 3 different 
regions; eye, eyewall, and outer-core. The eye and eyewall drops were obtained through the use 
of the catalog files (Appendix A) while the outer core sondes were chosen to be within 120km of 
storm center. For the 6 hurricanes from the 1997 and 1998 seasons there were 33 eye, 94 eye- 
wall, and 163 sondes that fell into these categories. Figures 5.1 through 5.5 show the results of 
10 meter averaging from the surface to 3000 meters in height for the thermodynamic parameters 
of temperature (t), potential temperature (0), equivalent potential temperature (0 e ), specific hu¬ 
midity (q), and relative humidity (rh). 

5.1 Temperature and Potential Temperature Profiles 

Figure 5.1 shows the vertical profiles of temperature for sondes that fell into the eye, eyewall, 
and outer-core regions of all six hurricanes. It is interesting to note that the eyewall temperatures 
are cooler than the eye and outer-core at the surface. This is primarily due to evaporative cooling 
associated with the heavy precipitation in the eyewall region. At higher levels the eye tempera¬ 
ture is warmer than the eyewall and outer-core conforming to our understanding that tropical 
storms are warm-core systems. 

Figure 5.2 shows the vertical profiles for potential temperature. All three profiles follow what 
one would expect from derivation of potential temperature. The parcels are normalized to 1000 
mb, and, since the pressure in the eye is lower than under the eyewall region which in turn is 
lower than the outer-core region, the air parcels in the eyewall have to be taken adiabaticaly 
down further than the outer-core while the eye air parcels have to be taken down further than in 
the eyewall region. The result is more adiabatic warming occurs as one approaches the 




Figure 5.1: Temperature profiles with 10 meter averaging from all 6 hurricanes. 
Solid line-eyewall (92 sondes), dashed-outer core (163 sondes), and dotted-eye 
(36 sondes). 



6 (K) 


Figure 5.2: Potential temperature profiles with 10 meter averaging from all 6 hur¬ 
ricanes. Solid line-eyewall (92 sondes), dashed-outer core (163 sondes), and 
dotted-eye (36 sondes). 
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center of the storm. However, once again we see that the eye potential temperature is greater 
than the eyewall or outer-core reconfirming our understanding of tropical cyclones as warm core 
systems. 

5.2 Relative Humidity and Specific Humidity Profiles 

It is interesting to note from the relative humidity (RH) profile that the RH is high not only in 
the eyewall, but also in the eye (Figure 5.3). Relative humidity values within the eyewall and the 
eye are approximately the same up to the 1000-meter level. This suggests some degree of mix¬ 
ing and or inflow into the eye region. The specific humidity profiles (Figure 5.4) show that the 
moisture content increases approaching the eye of the storm. This is expected due to surface 
fluxed of heat and moisture. 



rh (%) 


Figure 5.3: Relative humidity profiles with 10-meter averaging from all 6 hurri¬ 
canes. Solid line-eyewall (92 sondes), dashed-outer core (163 sondes), and dot¬ 
ted-eye (36 sondes). 
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Figure 5.4: Specific humidity profiles with 10-meter averaging from all 6 hurri¬ 
canes. Solid line-eyewall (92 sondes), dashed-outer core (163 sondes), and dot¬ 
ted-eye (36 sondes). 


5.3 Equivalent Potential Temperature Profiles 

The main purpose of looking at equivalent potential temperature is to evaluate the degree of 
buoyancy within tropical cyclones. Figure 5.5 shows from these 6 storms what others (Gray 
2000) have observed with the use of aircraft data; that the 0 e profiles within the eyewall lies be¬ 
tween 355-360K (Figure 5.6). These values suggest that the historically assumed 1°C tempera¬ 
ture difference between the sea surface and the surface air temperature is not accurate. If air 
parcels were 1°C colder than the sea surface temperature and the relative humidity was 93%, 0 e 
values would be about 378°K. However, as shown by Gray (2000) in figure 5.6 and as seen in 
figure 5.5, 0 e values lie in the 355-360K range in the eyewall. This suggests that the air tem¬ 
perature underneath the eyewall cloud would have to be 3-4° C cooler than the sea in order to 
obtain the 0 e profiles that are observed. Although airborne expendable bathothermal graphs 
(AXBTs) were launched into these storms the data is not available at this time to do a direct com¬ 
parison. However, in the next section it will be shown that the air-sea temperature difference 
does lie in the 3-4° C range on a climatology basis for these storms. 
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e e (K) 

Figure 5.5: Equivalent potential temperature profiles with 10-meter averaging 
from all 6 hurricanes. Solid line-eyewall (92 sondes), dashed-outer core (163 
sondes), and dotted-eye (36 sondes). 



Figure 5.6: Illustration of aircraft observed average eyewall cloud 6 e values (~ 
355-360°K) and 6 e values for undiluted parcel ascent assuming the boundary 
layer is 1°C colder than the ocean sea surface temperature with a surface relative 
humidity is of 93 percent (378°K). From Gray (2000). 
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5.4 Eyewall Surface Thermodynamic Parameters 


Table 5.1 shows the surface atmospheric parameters of temperature, specific humidity, 6 e , 
and potential temperature for these storms in the eyewall region. The 92-sonde data set was 
reduced to 88 in order to only work with observations that reached within 10 meters of the sur¬ 
face. To measure the degree of fit to these values for the small data population, histograms were 
created for each of these thermodynamic parameters (Figures 5.7-5.10). From the probability 
distribution functions for these parameters it is seen that 50% of the values for temperature lie 
between 24.25 and 25.75°C, for potential temperature over 75% of the values lie in the range of 
298.5 to 301.5K, for specific humidity nearly 70% of the values lie between 19.75 and 21,75g/Kg, 
and for 0 e over 75% values lie in the range of 352.5 and 362.5K. These values provide credence 
to the mean values provided in table 5.1. 


Table 5.1: Surface thermodynamic parameters for (88) eyewall 
dropsondes from all 6 hurricanes from the 1997 and 1998 seasons. 
Surface values are at 10 meters or less in height. 


Storm 

Temperature 
(C) 1 

Specific 

Humidity 

II to/Kg> : 

(■■■B 

lilBlil 

— 

BONNIE 

25.7 

20.6 

359.0 

300.4 

DANIELLE 

25.3 

20.4 

356.9 

299.2 

ERIKA 

25.3 

20.9 

360.3 

300.8 

GEORGES 

25.2 

21.5 

363.5 

301.9 

GUILLERMO 

25.8 

21.1 

363.1 

302.5 

MITCH 

24.3 

20.4 

359.1 

301.0 

Mean 

25.3 

20.7 

359.5 

300.6 

Max 

27.0 

23.8 

371.0 

303.8 

Min 

23.5 

18.1 

350.1 

297.3 


Figure 5.11 shows that the rule of thumb that the air to sea temperature difference is not 1°C 
as suggest by Gray (2000). Table 5.2 shows the calculated air temperatures, the sea surface 
temperature derived from a climatological atlas that covered over 80 years of data from 1900- 
1979 (Sadler et al. 1987), and the air-sea temperature difference. Overall, the storms the mean 
air-sea temperature difference was -3.2°C, which agrees with of Gray (2000) and figure 5.11. 
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Figure 5.7: Histogram of eyewall temperature for 88 sondes that 
reached within 10 meters of the sea surface from storms from the 1997 
and 1998 seasons. Bin size of 0.5°C. 
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Figure 5.8: Histogram of eyewall potential temperature for 88 sondes 
that reached within 10 meters of the sea surface from storms from the 
1997 and 1998 seasons. Bin size 1.0°C. 
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Figure 5.9: Histogram of eyewall specific humidity for 88 sondes that 
reached within 10 meters of the sea surface from storms from the 1997 
and 1998 seasons. Bin size of 0.5°C. 
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Figure 5.10: Histogram of eyewall 0 e for 88 sondes that reached 
within 10 meters of the sea surface from storms from the 1997 and 
1998 seasons. Bin size of 5.0°C. 
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Figure 5.11: Estimated sea minus air temperature difference (°C) under the wall 
cloud (Gray 2000). 


Table 5.2: Average temperatures per storm, 
corresponding sea-surface temperatures, and air-sea 
temperature differences. 

Storm 

Air 

Tempearature 

(C) 

Sea 

Temperature 
■ (C) 

Air - Sea 
Difference 

<C) 

BONNIE 

25.7 

28.4 

-2.7 

DANIELLE 

25.3 

28.6 

-3.3 

ERIKA 

25.3 

28.3 

-3.0 

GEORGES 

25.2 

28.1 

-2.9 

GUILLERMO 

25.8 

29.0 

-3.2 

MITCH 

24.3 

28.5 

-4.2 

Mean 

25.3 

28.5 

-3.2 


Additionally, derived 0 e calculations were performed. By taking the average eyewall pres¬ 
sure, the climatology sea surface temperature, and assuming saturated conditions at the surface, 
0 e was calculated on a per storm basis (Table 5.3). The results confirm what Gray (2000) sug- 
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gested from figure 5.6, that with air-sea temperature difference of ~ -3°C theta-e values would lie 
in the 355-360K range, significantly less than if the air-sea temperature difference was only 1°C. 


Table 5.3: 0 e values from the dropwindsonde data, calculated from climatology, and 
calculated air-sea 0 e differences. 

1 1 ... ■ 

Air 8 e (K) 

Sea 0 O (K) 

Difference 

BONNIE 

359.0 

376.9 

-17.9 

DANIELLE 

356.9 

376.3 

-19.4 

ERIKA 

360.3 

378.4 

-18.1 

GEORGES 

363.5 

379.9 

-16.4 


363.1 

385.3 

-22.2 

MITCH 

359.1 

382.8 

-23.7 

Mean 

359.5 

379.9 

-19.6 


5.5 Summary and Discussion 

It was shown that the air-sea temperature differences lie in the range of 3-4°C as suggested 
by Gray (2000) and Anthes (1982). This result alters the concept that surface air temperatures 
adjust to ocean temperature to within 1°C. Gray (2000) and others have hypothesized that the 
main mechanism for this temperature difference is due to expansion cooling resulting from air 
transversing from the outer regions into the eyewall. For a 30mb pressure drop the air would cool 
approximately 3°C. Sea-spray evaporation could also play some role and this topic is being cur¬ 
rently debated. The end result seems to be that the bulk formula (Gray 2000) for sensible heat 
flux from the ocean to the air cannot keep up with the rate of expansion cooling as air parcels 
travel into the eyewall region. These findings make it more difficult to explain the buoyancy within 
the eyewall region. 
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Chapter 6 
CONCLUSIONS 


6.1 Summary and Discussion 

This study provided a unique look at the radial and tangential winds provided from the GPS 
dropwindsonde data and storm center fix data. It was found that the observed radial inflow is ap¬ 
proximately twice that determined from friction alone. It was also found that the vertical gradient 
of the radial wind correlates to storm intensity. It is suggested that changes in the vertical gradi¬ 
ent of the radial wind would precursor changes in storm intensity. The thermodynamic data show 
that the actual air-sea temperature difference lies in the range of -3 to -4°C and averaged -3.2°C 
over the 6 hurricanes from the 1997 and 1998 seasons. This temperature difference confirms the 
hypothesis of Gray (2000) and others that theta-e profiles in the eyewall region are significantly 
lower than a 1°C air-sea temperature difference would suggest. The mostly like reason for this 
difference between the air and sea temperature is from expansion cooling as air transverses 
down the pressure gradient from the outer-core into the eyewall region. This temperature differ¬ 
ence implies that eyewall buoyancy is less than previous believed. 

6.2 Future Work 

This work contained only a small fraction of the future potential of the number of dropwind- 
sondes that will be dropped into tropical storms and hurricanes. For instance, there were only 94 
eyewall dropwindsondes from the 1997 and 1998 seasons, but from the 1999 season alone there 
were over 263 eyewall dropwindsondes launched (Franklin et al. 2000). This represents almost a 
400% increase in eyewall sondes for analysis. With the additional sondes a reanalysis of the ra¬ 
dial wind observed to friction should be undertaken to verify these results. Additionally, as the 
number of dropwindsondes increases a detailed thermodynamic analysis to determine the degree 



of buoyancy should also be evaluated as well as its effect on the maximum potential intensity of 
hurricanes. 

Additionally, continued analysis of the gradient of the radial wind inflow for more storms 
should be undertaken to and see if results shown hold. While it was shown that the degree of the 
gradient of the radial wind in the lowest 1000 meters indicates storm intensity for these storms, 
the additional data would also help clarify this correlation. Indeed if various missions were carried 
out on an individual storm over multiple time periods the change of the gradient of the radial wind 
could be studied to determine if there is any correlation to changes in storm intensity. 

With the aircraft flight data that is now currently available for the 1997 and 1998 seasons a 
study as done by Weatherford and Gray (1988a,b) where they compared storm strength as de¬ 
fined as the magnitude of the wind in an annulus from 100-300 km from the eye to tropical storm 
intensity as measured by the maximum sustained wind speed in the eyewall. Weatherford and 
Gray found that the strengths of tropical storms relate weakly with intensity. However they 
worked with 0.5-degree resolution data from 1 to 2.5 degrees. The GPS dropwindsondes offer 
the advantage of choosing any level to determine strength and offer superb aerial coverage. 

Many meteorological items of interest can be undertaken for research and in the coming 
years these data sets are only going to get larger and with it-expanding possibilities. 
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Appendix A 


Dropwindsonde Data Files 


A.1 Data Amount 

HRD is responsible for processing, cataloging and maintaining all dropwindsonde data. For 
the years 1997 and 1998 alone, over 1,150 dropwindsondes were launched into 10 named 
storms. Of the named storms that reached hurricane status, over 972 dropwindsondes were 
launched (Table 3.1). The amount of data that each dropwindsonde takes depends on the 
sampling rate and the pressure at which the sonde is launched. The sampling rate is twice a 
second and the launch pressure varies by the type of aircraft and then on the mission 
parameters. Table A.1 shows that the number of observations taken increases rapidly with 
decreasing launch pressure. This is especially the case for the G-IV missions that provide the 
‘synoptic flow’ measurements flying at flight levels around 200 mb. 


Table A.1: Approximate number of observations 
taken per dropwindsonde corresponding to the 
height (pressure) of the launch. 

Observations 

Pressure 

1500 

Mil 200 I'llir:;':! 

1000 

450 

ouu 

300 

ouu 

750 


A.2 Data File Types 

All data is stored by storm name and then by the mission number flown into the storm. For each 
mission there are three main types of data files: mission summaries, catalog files, and individual 
dropwindsonde data files. The mission summaries provide a brief synopsis of the mission times, 
aircraft involved, take-off times, scientific crew, the type of experiment; Synoptic Flow, Vortex 




Motion and Evolution, etc., and a brief listing of any significant hardware problems. Each mission 
has a corresponding catalog file that contains the sequence of the dropsondes launched during 
the mission. Table A.2 is an example of a catalog file for the mission 199810271. The mission id 
is composed of the year, month, date, and aircraft that performed the mission. H and I suffixes 
refer to the two P-3s and the suffix N is for the G-IV aircraft missions. Additionally, the catalog file 
also contains the serial number of the sondes used, the launch latitude, longitude, and pressure 
level, as well as any comments concerning the sonde as entered by the mission specialists. The 
comment section provides great insight on where the dropwindsondes were launched. The 
mission specialists usually remark the eyewall soundings (as seen from sequence 9 in table A.2); 
this makes finding eyewall drops immeasurably easier because no corresponding satellite 
imagery processing is needed to determine dropsonde eyewall launches. 

The individual dropwindsondes data files contain the actual atmospheric measurements. 
Table A.3 illustrates the format of a dropwindsonde file from the sonde (highlighted in table A.2) 
that fell through the east eyewall of hurricane Mitch. Each file contains a header section that 
contains information on type of calibrations used, any comments, and some repeated information 
contained in the catalog file. The atmospheric measurements section follows with information 
consisting of an index, time since launch, pressure, temperature, relative humidity, geopotential 
height, wind speed, wind direction, u and v components of the wind, latitude, and longitude. 
Lastly, flags for errors in temperature, pressure, relative humidity, and wind measurements are 
contained in this section. 
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Table A2: Catalog file of GPS dropwndsondes dropped on October 27st, 1998 into Hurricane Mitch. 


CATALOG OF PROCESSED DROPWINDSONDES FOR 199810271 


Seq 

Serial# 

DateTime 

(UTC) 

Lat 

(N) 

Lon 

(W) 

Pr 

(mb) 

Comments 

1 

983310025 

981027/202333 

21.98 

85.5 

504 

Peer GPS. 

2 

983410124 

981027/212857 

16.92 

85.78 

679 

NWeyewall. 

3 

983310027 

981027/213312 

16.69 

85.59 

655 

Eye. 

4 

981010049 

981027/213636 

16.52 

85.41 

668 

SEwall. Poor GPS. 

5 

983310121 

981027/213911 

16.41 

85.29 

686 

SEeyewall. Super near surface 

6 

983340064 

981027/215318 

16.68 

84.79 

695 

50 nm E of center. 

7 

983340066 

981027/220330 

16.71 

85.26 

681 

E wall. 

8 

983340078 

981027/220355 

16.71 

85.28 

oc <y> 

676 

E wall. 

Jll 

10 

981040046 

981027/221223 

16.67 

85.89 

wamm 

689 

■ c WfcBt. ■ . 

Winds very intermittent, hence long filter. 

11 

982720392 

981027/222105 

16.59 

86.43 

697 

MxBd RH, poor GPS. 

12 

983410111 

981027/223448 

16.48 

85.9 

683 

SWv\all. 

13 

983340050 

981027/224250 

16.76 

85.45 

666 

NEwall. 

14 

974910010 

981027/224311 

16.78 

85.43 

668 

Assumed to not reach sfc. NE wall. Split RH. 

15 

983410045 

981027/224330 

16.8 

85.41 

672 

NEwall. 

16 

973840047 

981027/230601 

16.91 

85.6 

676 

NwaJI. 

17 

983410106 

981027/230633 

16.88 

85.61 

675 

Nwall. 

18 

983310142 

981027/230731 

16.82 

85.61 

677 

Nwall. Split RH sensor. 

19 

983310127 

981027/231352 

16.37 

85.6 

668 

Swall. 

20 

981810013 

981027/232125 

15.99 

85.44 

695 

50 nm south. 

21 

983340068 

981027/233547 

16.47 

85.32 

675 

SEwall. 

22 

983340088 

981027/233635 

16.48 

85.37 

672 

SEwall. Big updrafts. Poor GPS. 

23 

983340063 

981027/233712 

16.5 

85.4 

671 

SEwall. Poor GPS. 

24 

982720319 

981027/233954 

16.57 

85.58 

659 

Eie 

25 

972630028 

981027/234436 

16.72 

85.86 

696 

NWwall. 

26 

983410126 

981028^001452 

16.47 

85.68 

505 

Inside eye. 

27 

983340065 

981028/001608 

16.52 

85.6 

504 

Near center of eye. 

28 

983310180 

981028/001709 

16.58 

85.53 

504 

Inside eye. 

29 

982720093 

981028/001800 

16.64 

85.52 

504 

Inside eye, but intersects wall. 

30 

983410113 

981028/002903 

16.73 

85.57 

503 

Inner edge/eye, intersects eyewall. 

31 

981040005 

981028003143 

16.93 

85.57 

510 

Outer eyewall/rainband. 
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449 224.1 934.1 21.77 100 215 97 74.35 -73.74 9.44 5 2.5 213 0 0 0 0 16.805 -85.396 

450 224.6 934.6 21.8 100 210 98 74.21 -73.55 9.89 5 2.5 208 0 0 0 0 16.805 -85.396 

451 225.1 935.2 21.84 100 205 98 73.9 -73.15 10.49 4 2.4 203 0 0 0 0 16.805 -85.396 

452 225.6 935.7 21.87 100 199 99 73.31 -72.47 11.1 5 2.3 198 0 0 0 0 16.805 -85.397 
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487 243.1 956.6 24.12 100 7 -999 -999 -999.00 - 999 -999 2.5 5 0 0 0 0 16.806 -85.407 





